Background: The tumor cells responsible for metastasis are highly resistant to chemotherapy and have characteristics of stem cells, with a high capacity for self-regeneration and the use of detoxifying mechanisms that participate in drug resistance. In vivo models of highly resistant cells allow us to evaluate the real impact of the immune response in the control of cancer. Materials and Methods: A tumor population derived from the 4T1 breast cancer cell line that was stable in vitro and highly aggressive in vivo was obtained, characterized, and determined to exhibit cancer stem cell (CSC) phenotypes (CD44 + , CD24 + , ALDH + , Oct4 + , Nanog + , Sox2 + , and high self-renewal capacity). Orthotopic transplantation of these cells allowed us to evaluate their in vivo susceptibility to chemo and immune responses induced after vaccination. Results: The immune response induced after vaccination with tumor cells treated with doxorubicin decreased the formation of tumors and macrometastasis in this model, which allowed us to confirm the immune response relevance in the control of highly chemotherapy-resistant ALDH + CSCs in an aggressive tumor model in immunocompetent animals. Conclusions: The antitumor immune response was the main element capable of controlling tumor progression as well as metastasis in a highly chemotherapy-resistant aggressive breast cancer model.
Introduction
Breast cancer tumor cells in mice are susceptible to treatment with drugs and to natural products obtained from Caesalpinia spinosa and others, as previously shown, [1] [2] [3] acting not only against the primary tumor but also against metastatic cells. [4] [5] [6] One of the mechanisms involved in the antitumor activity of some of these therapies is the induction of immunogenic cell death, which is shared with certain chemotherapeutic drugs, 7 inducing protective immune responses in melanoma and breast cancer mouse models. 3, 8 Although this antitumor activity reduces tumor size and metastasis, tumor cells are not completely eliminated, possibly because of the permanence of highly resistant tumor cells named cancer stem cells (CSCs).
CSCs comprise a tumor population capable of selfrenewal and differentiation into other tumor populations. 9 These cells were initially reported in 1994 by Lapidot and coworkers in an acute myeloid leukemia model, 10 and almost 10 years later, CSCs were described in breast cancer. 11 CSCs are responsible for metastasis and relapse, in part because of their multidrug resistance (MDR) to conventional therapy, 9 their expression of efflux pumps, DNA repair or detoxifying enzymes, and their high metabolic flexibility, among other factors, which allow CSCs to live in 848047I CTXXX10.1177/1534735419848047Integrative Cancer TherapiesLasso et al
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highly hostile microenvironments. These factors may be intrinsic (independent of chemotherapy) or acquired (after being exposed to chemotherapy). 12 Aldehyde dehydrogenase (ALDH) is one of the most important resistance mechanisms in CSCs and is known to decrease oxidative stress, particularly that caused by aldehydes. 13 It has been shown that ALDH high tumor cells are more resistant to treatment with radiation and certain drugs, such as gentamycin, carboplatin, etoposide, paclitaxel, and cyclophosphamide, 14 and ALDH expression was recently reported to be a marker in the drug resistance profile of human CSC breast cancer cells. 15 Additionally, ALDH high CSCs seem to be involved in invasive and metastatic behavior in inflammatory breast cancer, and their presence in the tumor tissue of patients is a prognostic marker to predict metastasis and poor patient outcomes. 16 All of these characteristics designate the CSC population as an important therapeutic target for treating cancer, and more recently, targeted therapies to activate the adaptive immune response against CSCs have been developed. 17 However, to date, most CSC studies have been performed with human tumor-derived CSCs in nonobese diabetic/severe combined immunodeficiency (NOD/SCID) mice. The lack of an intact host immune system prevents the evaluation of multiple interactions that occur, such as epitope spreading, antigen crosspresentation, and immune evasion mechanisms involving T regulatory cells or myeloid-derived suppressor cells. 18 A recent study showed that the immune response induced by autologous dendritic cells primed with breast cancer stem cells (BCSCs) significantly inhibited BCSC proliferation in vitro and decreased tumor size to a small degree by treating mice transplanted with BCSCs enriched with a verapamilresistant screening method, which were confirmed by ALDH expression analysis and a mammosphere assay. 19 All these studies show the role that the immune response can play in the elimination of this population. Despite this evidence, there are currently no animal models that allow progress in this field. In vitro protocols, such as 3D cultures or side population sorting, which attempt to enrich CSCs, 20, 21 do not accurately reproduce the true sensitivity or resistance that may occur in vivo or the interaction between these cells and the tumor microenvironment. To address this issue, we evaluated the in vitro and in vivo sensitivity of highly aggressive tumor cells exhibiting a stable positive ALDH phenotype 22 to treatment with the standardized extract P2Et as well as in response to immunotherapy. We observed that vaccinated mice with doxorubicin-treated 4T1 H17 cells had fewer tumors and macrometastases than drug-or natural product-treated mice, and we found the presence of cytotoxic cells capable of lysing both the 4T1 parental cells and the CSC phenotype, providing evidence about the role of the immune response in the control of CSCs. Moreover, this model may allow the study of the impact of ALDH + CSCs in the tumor microenvironment and tumor immune response modulation.
Materials and Methods

Natural Products
Caesalpinia spinosa pods were collected in Villa de Leyva, Boyacá, Colombia, and identified by Luis Carlos Jiménez at the Colombian National Herbarium (Voucher Specimen Number COL 523714, Colombian Environmental Ministry Agreement Number 220/2018 related to the use of genetic resources and derived products). The P2Et extract was obtained from Caesalpinia spinosa as previously described. 23 
Animals
Female BALB/c mice (6-12 weeks old) were purchased from Charles River Laboratories International, Inc (Boston, MA) and housed in an animal research facility following the established protocols of the Ethics Committee of the Science Faculty and National and International Legislation for Live Animal Experimentation (Colombia Republic, Resolution 08430, 1993; National Academy of Sciences, 2010). Mice were housed in polyethylene cages with food and water provided ad libitum under a controlled temperature with a 12-hour light/dark cycle. Before treatment, the mice were acclimated for 1 week under standard conditions. The Ethics Committee of the Science Faculty approved the format for animal use on May 18, 2012 , and the number of animals for each experiment was calculated using previous data from pilot experiments to reach a statistical power of 90%.
Tumor Cell Line and Culture Conditions
Murine mammary carcinoma 4T1 is a tumor cell line that was isolated in 1978 24 and grows in BALB/c mice and in tissue cultures. This cell line is highly tumorigenic and can develop spontaneous metastasis to different sites, such as lung, brain, and bone. Due to their resistance to 6-thioguanine, metastatic tumor cells can be easily isolated from distant organs. 25, 26 The murine mammary carcinoma was provided by Dr Alexzander Asea (Texas A&M Health Science Center College of Medicine, Temple, TX). Cells were cultured in RPMI-1640 media (Eurobio, Toulouse, France) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Eurobio), 2 mM L-glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin, 0.01 M HEPES buffer, and 1 mM sodium pyruvate (Eurobio) and incubated in a humidified environment at 37°C and 5% CO 2 . Cells were grown until 75% confluency, passaged using trypsin/1X EDTA (Eurobio), washed with PBS and resuspended in supplemented RPMI-1640 media.
Metastatic Cell Recovery From BALB/c Mice Bearing 4T1 Tumors
Metastatic cells were obtained as reported by Pulaski, 27 with minor changes. BALB/c mice were inoculated with 1 × 10 4 cells into the fourth mammary fat pad, allowing primary tumor development. Twenty-five days later, the mice were humanely euthanized by CO 2 inhalation. First, the primary tumor, lungs, and liver were resected. Subsequently, the organs and tumor were transferred to RPMI-1640 media (Eurobio) supplemented with 2% penicillin/streptomycin (Eurobio). Next, the tissues were sliced into small pieces and digested with 2.5 mL of type-IV collagenase (Gibco, Life Technologies, New York, NY) in RPMI-1640 media supplemented with 10 mM HEPES, 2.5% fetal bovine serum (FBS), 2% penicillin/streptomycin, 1 mM sodium pyruvate, and 2 mM L-glutamine (Eurobio); lung and liver digestion was carried out at 4°C for 90 minutes. Subsequently, the tissues were filtered by a 70 µm cell strainer and centrifuged for 5 minutes at 300g, and after the lysis of red blood cells, the cells were cultured in the presence of 6-thioguanine (Sigma-Aldrich, St. Louis, MO) to select metastatic tumor cells. Once colonies were observed, attached cells were recovered with 0.25% trypsin/0.02% EDTA (Eurobio), and then the cells were washed with supplemented RPMI media and transferred to T-25 culture flasks. Metastatic cells were obtained from at least 3 different mice during 3 serial in vivo passages.
Analysis of Phenotype and Sorting by Flow Cytometry
Metastatic tumor cells were stained with the anti-mouse Sca-1 PE antibody (eBioscience, San Diego, CA, #12-5981-82), and then, the cells were sorted using a FACSAria II instrument (BD Immunocytometry Systems, San José, CA). The ALDEFLUOR assay kit (Stem Cell Technologies, Vancouver, Canada) was used according to the manufacturer's recommendation. Anti-mouse CD44 APC (BD Biosciences, San José, CA, #559250), anti-mouse CD24 PerCP-Cy5.5 (BD Biosciences, #562360), and anti-mouse Sca-1 PE antibodies were used to evaluate the breast CSC phenotype. Finally, the results were analyzed using FlowJo software (Tree Star, Inc, Ashland, OR).
Mammosphere Formation Assay
Mammosphere culture was performed as described before, 28 with slight modifications. In brief, 3 × 10 3 cells were seeded into a 24-well plate with serum-free medium containing DMEM/F12 1:1 (Gibco), N2 supplement (Gibco), B27 without vitamin A (Gibco), 100 U/mL penicillin, and 100 µg/mL streptomycin (Eurobio) in ultralow attachment plates (Corning, New York, NY). Cells were treated every day for 6 days using sublethal concentrations. Finally, on the seventh day of culture, the mammospheres were collected, washed twice with PBS, and centrifuged at 100g for 5 minutes, and all the mammospheres with a diameter greater than 50 µm were counted under a microscope. The mammosphere area was calculated by AxioVision software (Carl Zeiss, Thornwood, NY) calibrated with a microscopy calibration slide of 10 µm. Finally, the mammosphere forming efficiency (MFE) was calculated using the following formula: MFE = (# counted mammospheres/# seeded cells) x 100. 29 
Limiting Dilution Assay
From a stock solution of 40 cells in 12 mL of mammosphere medium, 100 µL was added per well into a 96-well ultralow attachment plate to culture 1 cell per every 3 wells. The plates were cultured, and after 7 days, the wells with only one sphere were counted; this assay was performed with 4T1 and 4T1 H17 cells. 22 
Cytotoxicity Assay
The cytotoxicity of doxorubicin (MP Biomedicals, Solon, OH), either alone or in combination with the ALDH inhibitor DEAB, was determined by methylthiazol tetrazolium (MTT) assays (Sigma-Aldrich). 3 The inhibitory concentration 50 (IC 50 ) was calculated using GraphPad Prism version 6.0 for Mac OS X statistics software (GraphPad Software, San Diego, CA).
4T1 Side Population Cell Generation
To obtain cells that overexpressed efflux pumps such as Pgp, 4T1 cells were treated with a sublethal concentration of doxorubicin for 1 month. Subsequently, the cells were stained with Hoechst dye, and the unstained population or "side population" was sorted on a BD FACS Aria II cytometer (BD Immunocytometry Systems). The side population fraction was always cultured in the presence of doxorubicin and was called the 4T1 side population (4T1 sp).
Drug Efflux Assay
Pgp drug efflux activity was measured using perchlorate of tetramethylrhodamine methyl ester (TMRM) based on the report by Minderman et al, 30 with minor modifications. 22 A single-cell suspension was obtained via trypsin/ EDTA treatment, and 2.5 × 10 5 cells were incubated in the absence or presence of cyclosporine A (CsA; SigmaAldrich) for 1 hour at 4°C. Then, 40 nM TMRM was added and incubated for 1 hour on ice. Next, the samples were incubated at 37°C for 3 hours for Pgp activation. After incubation, 2 mL of ice-cold PBS was added, and the samples were centrifuged for 5 minutes at 200g at 4°C, washed twice with cold PBS (2% FBS), and analyzed on a BD FACS Aria II cytometer (BD Immunocytometry Systems). The analyses were performed on viable cells selected using a LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Life Technologies).
RT-PCR of ABC Pumps and Transcription Factors
Total RNA of cells was extracted using TRIzol LS reagent according to the manufacturer's instructions (Life Technologies Corporation, Invitrogen, NY). RNA quality and quantity were assessed with a NanoDrop spectrophotometer (NanoDrop Technologies). cDNA was synthesized with SuperScript III Reverse Transcriptase (Invitrogen) following the manufacturer's instructions. For real-time PCR (polymerase chain reaction), 600 ng of cDNA, DNA Master Plus SYBR Green I (Roche Applied Science, Indianapolis, IN) and 250 nM forward and reverse primers were added in a total volume of 20 µL. The following primers were used: Oct4 (forward: TGAAGCAGAAGAGGATCACC; reverse: CTGCAAGGCCTCGAAGC), Nanog (forward: GAAGA CCTGCCTCTTCAAGG; reverse: CCGCATCTTCTGCTT CCTG), and Sox2 (forward: GCAACGGCAGCTACAGCAT; reverse: TGCAGGGCGCTGACGTC). Reactions were performed in 2 independent experiments with duplicates using Spectrum 48 Real-Time Thermal Cyclers (ESCO). The thermal cycling conditions were as follows: an initial denaturation step at 95°C for 10 minutes, 40 cycles at 95°C for 10 seconds, 60°C for 10 seconds, and 72°C for 10 seconds, followed by a dissociation stage. The relative expression levels of the Oct4, Nanog, and Sox2 genes were normalized to the endogenous control gene GAPDH. Relative expression was calculated using the 2 −ΔΔCT comparative method. 31 
In Vivo Effect of Doxorubicin and P2Et in the 4T1 H17 Model
A total of 1 × 10 4 4T1 H17 cells were orthotopically transplanted into BALB/c mice. After 5 days, the mice were treated with doxorubicin (1 mg/kg) once per week, P2Et (18.7 mg/kg) twice per week, or PBS (control group). Tumor growth was recorded thrice per week. Experiments were finished on day 21 when mice showed compromised health.
In Vivo Effect of Vaccination With DoxorubicinTreated Cells
4T1 or 4T1 H17 cells were treated in vitro with doxorubicin for 48 hours as previously reported, 2 and when more than 80% of the cells were dead (assayed by trypan blue dye), 3 × 10 6 treated cells were injected subcutaneously into the fourth right mammary gland. Six days after vaccination, 1 × 10 4 4T1 or 4T1 H17 live cells were inoculated into the fourth left mammary gland (the opposite site), and after 5 days, the mice were treated with an adjuvant (SC) (90 mg/kg) twice per week. Nonvaccinated mice were orthotopically transplanted with live 4T1 or 4T1 H17 cells and treated with the adjuvant (SC) only for use as a positive tumor growth control or with PBS (negative control).
Evaluation of the Immune Response by Flow Cytometry
To evaluate the immune response of vaccinated mice, cells were obtained from the spleen, tumor-draining lymph nodes (TDLNs), and the tumor by mechanical or enzymatic cleavage. The cells were cultured with phorbol 12-myristate 13-acetate (PMA) and ionomycin (P/I) or without a stimulus (ex vivo) for 7 hours. The last 6 hours of culture were performed in the presence of brefeldin A (1 µg/mL) (BD Pharmingen). Briefly, 1 × 10 6 cells were stained with a LIVE/ DEAD Fixable Aqua Dead Cell Stain Kit (Life Technologies, Thermo Scientific, Eugene, OR) for 20 minutes in the dark at room temperature. After washing with PBS containing 2% FBS, the cells were stained for 30 minutes at 4°C in the dark with anti-CD3 Pacific Blue (BioLegend, San Diego, CA, #100214), anti-CD4 PerCP (BD Biosciences, #553052), anti-CD8 PE Texas Red (BioLegend, #100762), and anti-CD45 PE (BD Biosciences, #553081) antibodies. Later, the cells were washed, fixed, and permeabilized for final staining with anti-IFNγ Alexa Fluor 700 (BD Biosciences, #557998), TNFα PE-Cy7 (BD Biosciences, #557644), and IL-2 FITC (BD Biosciences, #554427) for 30 minutes at 4°C in the dark. Finally, the cells were washed and resuspended in 300 µL of PBS containing 2% FBS. Cells were acquired through flow cytometry using a FACSAria II instrument (BD Immunocytometry Systems) flow cytometer, and the results were subsequently analyzed using FlowJo software (Tree Star). Multifunctional analyses were performed using a Boolean gating strategy. The data are presented using Pestle version 1.7 and SPICE version 5.3 software (the National Institutes of Health, Bethesda, MD). 32 
Cytotoxicity Assay by Flow Cytometry, CFSE/7-Amino Actinomycin D
To expand tumor-specific cytotoxic T cells, splenocytes (3 × 10 6 ) from vaccinated and nonvaccinated 4T1 or 4T1 H17 tumor-bearing mice were placed into each well of a 24-well culture plate with 3 mL of RPMI-1640 (Eurobio) supplemented with 10% FBS (Eurobio), 2 mM L-glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin, 0.01 M HEPES buffer, 1 mM sodium pyruvate (Eurobio), IL-2 (10 UI/mL), IL-7 (1 ng/mL), and 4T1 or 4T1 H17 cell lysate (20 µg/mL) and incubated in a humidified environment at 37°C and 5% CO 2 for 4 days. Later, the cells were restimulated with the respective cell lysate (20 µg/mL) and cultured for 3 additional days. Then, the cells were collected and resuspended in medium for the cytotoxicity assay. 4T1 or 4T1 H17 cells were labeled with carboxyfluorescein succinimidyl ester (CFSE; Thermo Fisher Scientific) at a final concentration of 1 µM for 20 minutes at 37°C following the manufacturer's recommendations. After quenching, the labeling reaction was stopped by the addition of complete culture medium, followed by a 5-minute incubation at 37°C. After 2 washes, the CFSE-labeled target cells were resuspended and used for the cytotoxicity assay. The cell concentration was adjusted to 5 × 10 5 cells/mL, and 100 µL/well was plated into 96-well plates. Splenocytes were added at 10:1 and 20:1 effector-target (E:T) ratios. The plates were incubated in a humidified atmosphere of 5% CO 2 and 37°C. After 12 hours, the wells were harvested and labeled with 7-amino actinomycin D (7-AAD; BD Biosciences, #559925) to stain dead cells. All cells in each tube were acquired on a FACSAria II instrument (BD Immunocytometry Systems) flow cytometer, and the results were analyzed using FlowJo software (Tree Star). Analysis was performed by gating on the target cells and measuring the 7-AAD-positive cells. 33 Cells positive for both 7-AAD and CFSE were considered lysed. Additionally, we calculated the percentage of cell loss in each well assuming that the number of target cells read from the 0:1 effector-target ratio was 100% of events. This percentage was added to the percentage of dead cells, and the percentage of cytotoxic activity was calculated using the following equation:
  100 spontaneous death %
Results
4T1 3D Culture Cell Line Increased ALDH Expression
The study of CSC biology requires the appropriate growth of cells. Thus, the 3D culture is an anchorage-independent culture that allows the growth of tumor cells that have overcome anchorage dependency for growth as CSCs. The cell line 4T1 was 3D cultured for 7 days in ultralow attachment plates and serum-free medium. Seven days after culture, the spheres were collected and disaggregated with trypsin to obtain a single-cell suspension. The cells were stained with CSC markers (ALDH, CD44, CD24, and Sca-1), and the results were assessed by flow cytometry. We observed no change in the expression of CD24 and CD44 among 2D or 3D cultures, and surprisingly, Sca-1 expression was diminished by 10% in the 3D culture. In contrast, ALDH expression was increased in cells that grew on 3D culture compared with those that grew on 2D culture ( Figure 1A ).
We were not expecting the Sca-1 diminution in the 3D culture, since Sca-1 has been reported as an important marker of CSC in some breast cancer models. [34] [35] [36] Thus, to evaluate some of the differences between Sca-1 + and Sca-1 − cells, we sorted both populations from 4T1 cells cultured in 2D format ( Figure 1B) . Then, each population was cultured independently in ultralow attachment plates and serum-free medium for 7 days, and subsequently, the spheres were collected and counted. Although no differences between the sphere diameters from 4T1 Sca-1 + and 4T1 Sca-1 − cells were found, the 4T1 Sca-1 + cells formed more spheres than their negative counterparts ( Figure 1C) , suggesting that the Sca-1 molecule plays an important role in sphere formation but not necessarily in maintaining them.
4T1 Metastatic Cells Were More Aggressive Than the Parental Cell Line
Given that CSCs may be enriched after multiple in vivo passages, 37 we decided to enrich these populations to study their biological characteristics. We recovered liver and lung tumor metastatic cells after the first orthotopic tumor transplantation and then we compared them with the WT 4T1 cell line in terms of the MFE and malignancy in vivo. Although the 4T1 cell line showed a higher MFE compared with 4T1 cells recovered from the liver and lung ( Figure  1D ), the mammosphere sizes of 4T1 cells from the lung and liver were larger than those from conventional 4T1 cells ( Figure 1E ). In addition, even though metastatic 4T1 lung cells produced smaller primary tumors than the parental 4T1 cells (Figure 1F ), the mice died significantly earlier than their counterparts ( Figure 1G ), suggesting that these metastatic cells are more malignant than those in the conventional 4T1 cell line. Then, lung metastatic cells recovered after the first orthotopic tumor transplantation were implanted twice more, recovered again from the lung and named as 4T1 H17 cells.
4T1 H17 Cells Exhibited Characteristics of Cancer Stem Cells
CSCs of epithelial tumors exhibit phenotypic and morphological characteristics that allow their identification, including mesenchymal morphology, low growth rate, expression of CD44, CD24, and ALDH, a high in vitro MFE, and the overexpression of key transcription factors, such as Oct4, Nanog, and Sox2, for the maintenance of the stem cell phenotype. [38] [39] [40] We found that 4T1 H17 cells exhibited morphological differences from the parental cell line, such as a mesenchymal-like morphology and lower cell number, after 24 hours of 2D culture (Figure 2A) . Additionally, 4T1 H17 cells had a higher MFE in the 3D setup ( Figure 2B ), which was confirmed by a limiting dilution assay ( Figure 2C ), suggesting higher intrinsic autorenovation capacity together with a higher number of CSCs. Phenotypic analysis of 4T1 and 4T1 H17 cells showed no differences in CD24 and CD44 expression; nevertheless, a higher percentage of Sca- Figure 2D ). The expression of ALDH remained stable throughout the time of the experiment, and we are currently able to maintain frozen stocks of the line, which do not lose their ALDH expression, even after thawing, and its expression is further enriched after new in vivo passages. Moreover, we observed that Oct4, Nanog, and Sox2 were overexpressed (4-fold) in 4T1 H17 cells ( Figure 2E) , showing that 4T1 H17 cells are enriched in cells with CSC characteristics.
4T1 H17 Exhibited Higher Drug Resistance due to ALDH Overexpression
Since CSCs show a highly drug-resistant phenotype, 41, 42 we compared the resistance factor to doxorubicin treatment between WT 4T1, 4T1 H17, and drug-resistant 4T1 cells previously obtained in our laboratory that overexpress P-glycoprotein (4T1 sp). It was found that 4T1 sp and 4T1 H17 cells were much more resistant (15-and 4-fold, respectively) than 4T1 WT cells ( Figure 3A) . Multidrug resistance can be due to multiple factors, among which is the overexpression of ABC pumps 43 ; thus, to test whether the resistance was due to ABC pump expression, MRP1, BCRP, and Pgp expression levels were evaluated by RT Figure 3B and C) . This lower expression seemed to be related to the low TMRM efflux observed in 4T1 H17 cells compared with WT 4T1 and 4T1 sp cells ( Figure 3D ).
To determine whether ALDH was involved in drug resistance in 4T1 H17 cells, as previously reported in other models, 15 we inhibited the ALDH enzyme with the specific inhibitor N,N-diethylaminobenzaldehyde (DEAB) for 48 hours using a classical MTT assay. We observed that DEAB decreased the IC 50 of doxorubicin only 1.4 times for 4T1 In all cases, data are presented as the mean ± SEM. The P values were calculated using the Mann-Whitney U test. *P < .05, **P < .01, ***P < .001. cells, while for 4T1 H17 cells, the reduction was 2.43 times (Figure 3E ), suggesting that ALDH is involved in the drug resistance of 4T1 H17 cells.
4T1 H17 Was Highly Resistant to Treatments In Vivo
Previously, we reported that a sublethal concentration of doxorubicin and a mixture of polyphenols (P2Et) diminished the MFE of 4T1 H17 cells by 77% and 80%, respectively. 22 Based on these results and considering that the 3D culture models closely predicted the pharmaceutical response in vivo, we evaluated whether these treatments were effective in vivo. 4T1 H17 tumor cells were transplanted into BALB/c mice, and after 5 days of tumor implantation, mice were treated with 1 mg/kg of doxorubicin or 18.7 mg/kg of P2Et, as previously reported for the WT 4T1 cell line. 3 Our results showed that neither doxorubicin nor P2Et reduced the tumor volume ( Figure 4A In all cases, the data are presented as the mean ± SEM. The P values were calculated using the Mann-Whitney U test (B, C, E) and Student's t test (D). *P < .05, ***P < .001.
( Figure 4E ). Additionally, metastatic tumor cells from the lung tissues of mice treated with doxorubicin and P2Et were principally ALDH + cells ( Figure 4F ).
Induction of a Tumor-Specific Immune Response Could Decrease the Primary Tumor and Metastasis
An immune response to CSCs had been previously shown for head and neck squamous cell carcinoma, and specific CD8 + T cell responses were also identified in HLA-A2 + individuals with breast and pancreas carcinomas. 44 Additionally, we previously showed that vaccination with 4T1 tumor cells treated with P2Et or doxorubicin favored the early generation of CD4 + and CD8 + T lymphocytes spontaneously producing IL-2 and TNFα after stimulation with 4T1 cells. 2 In this work, we examined the specific role of the immune response in the control of highly resistant 4T1 H17 tumor cells. After vaccination, we verified the expression of calreticulin on 4T1 H17 cells treated with doxorubicin or P2Et and found that doxorubicin induces higher expression of this protein on the plasma membrane (data not shown). Then, doxorubicintreated 4T1 H17 cells were inoculated into the mammary gland of a group of mice, and after 5 days, untreated 4T1 H17 cells were inoculated into the opposite mammary gland. Five days later, the mice were treated with the adjuvant (SC) twice a week. Additionally, 2 control groups were inoculated with live cells only (nonvaccinated) and then treated with PBS or SC adjuvant ( Figure  5A ). By day 16, nonvaccinated controls started to show endpoint criteria such as weight loss, in contrast with vaccinated (Vax-SC) mice, which were not health compromised, and in whom smaller tumors were found ( Figure   5B ). Furthermore, only 5 of 8 vaccinated mice developed primary tumors ( Figure 5C ), and only 50% of mice developed macrometastasis compared with nonvaccinated mice, in which 7 of 8 developed distant macrometastasis ( Figure 5D ). The evaluation of affected organs showed that the control group had macrometastasis in the kidney In all cases, data are presented as the mean ± SEM. The P values were calculated using the Mann-Whitney U test. **P < .01, ***P < .0001.
( Figure 5E ), diaphragm, and liver, while in vaccinated mice, the gut was the most affected organ ( Figure 5E ).
Functional Activity of T Cells From Vaccinated Mice
To evaluate the functional activity of CD4 + and CD8 + T cells, we measured IFNγ, TNFα; and IL-2 secretion in cells recovered from the spleen, TDLNs, and tumor. First, it was found that vaccinated mice had a higher number of CD3 + , CD4 + , and CD8 + cells in the spleen than the nonvaccinated mice (PBS; Figure 6A ). Within this population, we observed a higher frequency of ex vivo CD4 + T cells producing TNFα, IFNγ, or IL-2 ( Figure 6B ) and a higher frequency of IFNγ or IL-2 CD4 + cells after in vitro stimulation with PMA/ionomycin on samples from vaccinated mice compared with nonvaccinated mice ( Figure 6B ). We also found that vaccinated mice had a higher frequency of mono-and polyfunctional CD4 + T cells compared with nonvaccinated mice both ex vivo and after stimulation with PMA/ionomycin ( Figure 6C ). Moreover, although no differences in the frequency or number of intratumor CD45 + cells were found between the 2 groups of mice (data not shown), a higher frequency of recently activated intratumor CD4 + T cells secreting TNFα was evidenced in vaccinated mice ( Figure 6D ). The evaluation of these parameters in CD8 + T cells showed the same trend as for CD4 + T cells, namely, a higher frequency of CD8 + T cells producing cytokines ex vivo and after stimulation with PMA/ionomycin in vaccinated mice compared with nonvaccinated mice (Figure 6E ), an increase in the frequency of mono-and polyfunctional CD8 + T cells ex vivo and after stimulation with PMA/ionomycin ( Figure 6F) , and an increase in recently activated intratumor CD8 + T cells producing TNFα ( Figure 6G ). Additionally, vaccination with doxorubicin-treated 4T1 H17 cells induced a higher frequency of cytotoxic cells against 4T1 H17 and conventional 4T1 tumor cells compared with nonvaccinated mice ( Figure  7A and Supplemental Figure 1 [available online] ). Moreover, following the same vaccination protocol with 4T1 cells, cytotoxic cells against 4T1 H17 cells were also generated ( Figure  7B ), suggesting that the immune response generated after the immunogenic cell death of conventional 4T1 cells can kill + T cells from tumors producing TNFα, IFNγ, or IL-2 ex vivo or following stimulation with PMA/ionomycin (P/I). In all cases, the data are presented as the mean ± SEM. The P values were calculated using the Mann-Whitney U test. The P values of the permutation test in the coexpression analysis (C and F) are shown in the pie charts. *P < .05, **P < .01, ***P < .001.
highly resistant CSCs, possibly because of the high number of shared antigens. These results highlight the importance of the induction of immunogenic death after first-line chemotherapy treatment for the control of metastases attributed to highly resistant tumor cells, which are subsequently enriched for therapy.
Discussion
The study of highly aggressive tumor models enriched in CSCs allows the search for new therapeutic strategies for breast cancer treatment. The majority of studies have isolated CSC populations by sorting them according to established surface markers or certain characteristics, such as dye expulsion. 11, 35, 36 However, in the past, it has been shown that metastasis-recovered clones from 4T1-transplanted mice exhibit similar characteristics of CSCs, such as the formation of smaller tumors 26 and decreased survival. 37 In the present study, we found that the tumor cells recovered from lung metastasis formed fewer but larger mammospheres than the WT 4T1 cell line. Furthermore, after 3 serial in vivo passages, the cells showed a higher MFE than WT 4T1 cells and exhibited a mesenchymal morphology; additionally, more than 70% of the cells expressed ALDH and had higher mRNA expression of transcription factors involved in multipotency maintenance, and the cells showed resistance to doxorubicin, as expected. 45 In addition, we found that the primary tumors of metastatic CSCs were smaller than those developed by the 4T1 cell line and that the mice died significantly earlier.
The resistance mechanism of 4T1 H17 cells is not mediated by ABC pump overexpression but seems to be due to the high frequency of ALDH + cells. ALDH involvement as a drug resistance factor was discovered in a leukemic line and in hematopoietic progenitor cells overexpressing this enzyme, conferring resistance to cyclophosphamide in vitro. 46, 47 It was demonstrated that tissues from breast cancer patients without a response to chemotherapy overexpressed ALDH after treatment. 48 Additionally, sorted ALDH high cells from the breast cancer cell lines MDA-MB-231 and MDA-MB-468 were more resistant to doxorubicin and Taxol than ALDH low cells, and the inhibition of this enzyme diminished the resistance to these drugs. 15 The mechanism of ALDH as a resistance factor in cancer cells is well documented in the case of cyclophosphamide, 49 and for doxorubicin or Taxol it has been suggested that ALDH oxidizes highly toxic lipid-derived aldehydes produced by a high ROS concentration after chemotherapy treatment. 50 We previously showed that doxorubicin and a polyphenol mix (P2Et) are active in 2D and 3D 4T1 H17 cultures 22 and demonstrated that P2Et is a fraction with potent antitumor activity in 2 mouse breast cancer models (4T1 and TS/a) and in a melanoma model (B16-F10) . 3, 8, 22 Unexpectedly, these treatments did not improve the outcome in mice bearing 4T1 H17 tumors in spite of our results from 3D cultures, 22 contrary to the literature reports showing a correlation between 3D models and the in vivo response. 20 The tumor microenvironment is composed of different cells, such as immune cells, cancer-associated fibroblasts (CAFs), and endothelial cells, that could increase tumor cell drug resistance. 51 In addition, we observed that doxorubicin-and P2Et-treated mice inoculated with 4T1 H17 cells showed more metastatic ALDH + cells in the lung. In fact, previous reports have shown that neoadjuvant chemotherapy promotes the distant metastasis of breast cancer in mice and humans through a mechanism that favors CSC selection. 52 In fact, the treatment of MDA-MB-231 cells with doxorubicin induces the production of transforming growth factor beta (TGF-β), which promotes epithelial-tomesenchymal transition, causing migration to and invasion of distant organs.
53
P2Et is a standardized extract rich in polyphenols such as gallic acid and ethyl gallate and exhibits very high antioxidant capacity. 22 Although there are several reports that show the beneficial effect of antioxidants, here, we showed that in our model enriched in CSCs, the treatment is not beneficial; in this sense, in 2014 and 2015, Martin Bergo's group showed that the supplementation of a mouse diet with antioxidants worsened lung and melanoma progression. 54, 55 In addition, a report in 1995 showed that the treatment of MCF7 tumor cells with a phenolic antioxidant increased the expression of ALDH. 56 We recently showed that although P2Et induced immunogenic cell death and considerably reduced the tumor size of both melanoma and breast cancer, the preconditioning of the host immune system with the P2Et extract did not involve a protective effect against the control of tumor growth and metastasis in these transplantable models, but in contrast, a detrimental effect was observed. We further demonstrated that this effect was partly due to an increase in regulatory T cells, myeloid-derived suppressor cells, and proinflammatory cytokines in healthy mice, with a concomitant decrease in CD4 + and CD8 + T cells. 57 All these results led us to believe that the presence of the tumor is fundamental to ensure the beneficial role of antioxidants such as P2Et and that the effective participation of the immune response in the control of highly aggressive tumors is fundamental for the control of the disease, as we show in this work.
In fact, immunotherapy is now a therapeutic option for cancer disease. 58 Recently, with the description of the CSC 61, 62 and observed that fewer mice developed primary tumors and macrometastases. In addition, their wellness was not compromised, suggesting that this treatment improved the control of the highly metastatic and resistant model 4T1 H17 cells. Additionally, we found that vaccination induced a response of CD4 + and CD8 + T cells through the individual production of cytokines and, furthermore, enhanced the polyfunctional activity of T cells. Although no differences in the frequency or number of intratumor CD4 + and CD8 + T cells were found between vaccinated and unvaccinated mice, a higher frequency of intratumor CD4
+ and CD8 + T cells secreting TNFα was evidenced in vaccinated mice, showing that in this case, the quality of the response has greater importance. These results suggest that tumor growth control and the inhibition of metastasis development observed in vaccinated mice were, at least in part, due to an induction in the immune response. It has been reported that polyfunctional T cells, characterized by their ability to concomitantly produce 2 or more molecules, are more effective at controlling cancer. 2, [63] [64] [65] Thus, in this case, the only way to control our resistant model 4T1 H17 cells in vivo was the induction of a strong immune response with a high frequency of polyfunctional cells.
These results show that tumor diversity can be considered when an antitumor therapy is chosen. The findings highlight the fact that the use of combination therapies involving direct tumor-killing activity and immune activation may be more effective in the treatment of heterogeneous tumors than the use of therapies directed at a single molecular target.
Conclusions
Here, we obtained a CSC-enriched model by isolating metastatic tumor cells that were highly resistant to doxorubicin and polyphenol treatment from mouse lungs in several in vivo passages. Only the specific immune response evidenced on both secondary lymph organs and tumors improved the outcome of the mice, which showed a decrease in tumor and macrometastasis development. 
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